INTRODUCTION
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producers to look for alternatives beyond the formulation. A single-space feeder with lateral barriers has been used to record individual concentrate intakes for research purposes (Devant et al., 2012; Marti et al., 2013) , and total concentrate consumed by the cattle was less than in previous studies (Mach et al., 2006; Devant et al., 2010) without impairing growth. So, it was hypothesized that the single-space feeder with lateral barriers could reduce feed consumption and feed costs compared with selffeeders with multiple feeding spaces. However, reducing the feeder space to animal ratio could increase effort to obtain feed and competition to access feed (Huzzey et al., 2006; González et al., 2008) , and increased eating rate could negatively affect rumen health (Sauvant et al., 1999; González et al., 2008) , as greater fluctuations in rumen pH and consumption can lead to rumen acidosis and liver abscesses (Fulton et al., 1979; Stock et al., 1987 Stock et al., , 1990 . Moreover, feed adjustment at the feeder (amount of feeder pan coverage) can affect time spent eating, competition at the feeder, and feed wastage (Gonyou, 1999) and, in turn, feed efficiency as observed in swine (Bergstrom et al., 2012; Myers et al., 2012) . So another alternative to improve feed efficiency in beef would be the reduction of feeder depth. The present study evaluated the effect of feeder design on concentrate consumption, growth rate, feed efficiency, eating pattern, animal behavior, welfare, rumen health, and carcass traits in Holstein bulls fed high-concentrate diets.
MATERIALS AND METHODS

Cattle, Feeding, and Housing
Animals were reared under commercial conditions in a farm owned by Agropecuaria Montgai SL (Lleida, Spain) and were managed following the principles and specific guidelines of the Institut de Recerca i Tecnologia Agroalimentàries Animal Care Committee. Two hundred forty male Holstein calves (121 ± 2.0 kg initial BW; 99 ± 1.0 d of age) in 2 consecutive fattening cycles (120 animals each cycle) were used in a replicated study, which was conducted in a commercial farm with 6 pens. Pens were totally covered and measured 12 by 6 m (72 m 2 per pen), with a space availability of 3.6 m2 per animal, and were deep bedded with straw. Each pen had 36 m 2 of resting area and 36 m 2 of feeding area in the front with the concentrate feeder, a separate straw feeder (3 m long by 1.12 m wide by 0.65 m deep; 7 feeding spaces), and a water bowl. Animals were randomly allocated in 1 of 6 pens and assigned to 1 of the 3 different concentrate feeder designs (20 animals per pen): 1) a control feeder with 4 feeding spaces (CF), a concentrate feeder capacity of 200 kg, and a feeder depth of 0.6 m (Fig. 1a) ; 2) a feeder (like CF) with less concentrate capacity (CFL; 45 kg) and a feeder depth of 0.15 m (Fig.  1b) ; and 3) a single-space feeder with lateral protections (SF), a concentrate feeder capacity of 10 kg, and a feeder depth of 0.15 m (Fig. 1b) . Concentrate feeders were manufactured in stainless steel, which were elevated at 0.80 m from the floor but had different features of design (dimensions of feeder): CF was 1.9 m long, 0.6 m wide, and 0.6 m deep, with a feeder capacity of 200 kg of concentrate and stanchions defining 4 feeding spaces (35 cm inside distance; Fig. 2) ; CFL was 1.9 m long, 0.6 m wide, and 0.15 m deep, with a feeder capacity of 45 kg of concentrate and stanchions defining 4 feeding spaces (35 cm inside distance; Fig. 3) ; and SF was 0.5 m long by 0.26 m wide by 0.15 m deep, with a feeder capacity of 10 kg of concentrate, protected by 2 lateral barriers (1.4 m long by 0.8 m high) forming a chute, the inside diameter of which could be regulated from 42 to 72 cm wide (Fig. 4) . Animals fed with SF were adapted for the first 4 d of the study by widening the chute to facilitate feeder access (adaptation period). After these first days, the width of the chute was adjusted 3 times during the study to adapt the entrance to the animal size providing sufficient space to eat comfortably. At d 5 of study, the width of chute was fixed at 42 cm, at d 25 it was 55 cm, and at d 120 it was widened to 72 cm.
Feed Consumption and Performance
All animals were fed a commercial concentrate (Table 1) , formulated according to the NRC (1996) recommendations. For the initial 130 d of the study, animals were fed the grower concentrate, and from 131 d of study to the end of the study, they were fed the finisher concentrate. Also, animals had ad libitum access to wheat straw (3.5% CP, 1.6% ether extract, 70.9% NDF, and 6.1% ash; DM basis) and fresh water. A sample from each concentrate batch was collected and was analyzed for DM, CP, NDF, ash, and ether extract.
An automated system was used to register concentrate consumption by recording the feed disappearance within an interval of time. Each pen was equipped with a scale that consisted of 4 load cells (Utilcell, Barcelona, Spain) where the feeder was suspended. The scales were programmed to transmit the feed weight at 1-min intervals or when weight change was detected to a Programmable Logic Controller (Allen-Bradley model 1769-L35E; Rockwell Automation,, Milwaukee, WI) and finally displayed by a personal computer with a software application (Voltec, Lleida, Spain). The computer recorded initial and final feed weight with its corresponding initial and final time. The negative values of concentrate consumption, which were usually caused by eating action belonging to animals (scratching) or when feed was added inside the feeder, were removed from the data set by computer filters. The scales were calibrated weekly. All feeders were designed to be refilled automatically to ensure continuous feed availability. The refilling system was common for all feeders (Fig. 5) . The dispensing tube capacity had the same dimensions in all feeders and the dispensing tube was always full. The scale under the feeder continuously registered the weight, and when it detected that the dispensing tube was empty (by weight difference), the dispensing tube was automatically refilled with concentrate contained in the intermediate dispensing hoppers, so that the level of concentrate in the trough (trough depth) was continuously maintained. The amount of straw offered to each pen was recorded weekly to estimate the total amount of straw consumed; however, because straw was also used for bedding, these data are only guiding data. Animals were weighed every 14 d throughout study, and calculations used full BW data.
Animal Behavior
To analyze the general activity (standing, lying, eating concentrate and straw, drinking, and ruminating) in the pen and social behavior (nonagonistic, agonistic, and sexual interactions) of animals, a scan sampling procedure was used. Records correspond to total counts of each activity in a pen (Mounier et al., 2005) . Animal behavior was recorded on d 1, 3, 5, 8, 14 , and 26 and every 28 d throughout the study from 0830 to 1100 h by scan sampling as described by Rotger et al. (2006) , Robles et al. (2007) , Mach et al. (2008) , and Marti et al. (2010) . The scan sampling method describes a behavior exhibited by an animal at a fixed time interval (Colgan, 1978) . Two pens were observed at the same time, and whereas social behavior (Table 2) was scored during 2 continuous sampling periods of 15 min, general activities (Table 3) were scored using 2 scan samplings of 10 s at 5 min intervals (Mach et al., 2008) . This recording procedure (15 min) was repeated twice during the morning.
Eating Behavior
To study the effect of feeder design on eating behavior at the feeder, the feeding area was filmed for 24 h at the beginning (d 12), in the middle (d 125) , and at the end (d 206) of the experiment using digital cameras (Sony CSM-BV420; Sony Corp., Barcelona, Spain) . The refilling system is common for all feeders. The dispensing tube capacity has the same dimensions in all feeders and the dispensing tube is always full. The scale under the feeder continuously registers the weight; when it detects that the dispensing tube (stainless steel half-tube, 2 m long and radius of 20.5 cm) is empty (by weight difference), the dispensing tube is automatically refilled with concentrate contained in the intermediate dispensing hoppers (in red) so that the level of concentrate at the trough (limited by the lower end of the dispensing tube and the trough depth) is continuously maintained.
that filmed the feeding area of each pen. Videotapes were processed by continuous recording of the activities performed by animals at the concentrate feeders. Only 12 h of recordings (0600 to 1800 h) were used to create a data set, because the quality of the night recordings was not always acceptable. Activities recorded included eating concentrate, waiting time to access to the feeder, and displacements at the feeder. These activities were registered by simultaneously recording for each activity the time duration (min), the number of animals involved, and the frequency of activity.
Rumen Samples
Samples of rumen contents (10 mL) from each animal were collected in the morning on d 7, 120, and 204 by rumenocentesis for pH and VFA determination. The order in which pens were sampled was random to avoid the effect sampling time on rumen data. Rumenocentesis was conducted with a 14-gauge, 140-mm needle (Abbocath-T; Hospira, Madrid, Spain) inserted into the ventral sac of the rumen approximately 15 to 20 cm caudal-ventral to the costocondral junction of the last rib. Rumen liquid pH was immediately measured with a portable pH meter (Crison pH25; Crison Instruments SA, Barcelona, Spain). Following Jounay (1982) , a 4-mL rumen sample was mixed with 1 mL of a solution containing 0.2% (wt/wt) of mercuric chloride, 2% (wt/wt) orthophosphoric acid, and 0.2% (wt/wt) of 4-methylvaleric acid (internal standard) in distilled water and stored at -20°C until subsequent VFA analyses.
Blood Samples
Blood samples for each animal were collected on d 7, 120, and 204 via tail or jugular venipuncture using Vacutainer tubes and 18 gauge needles. One blood sample (10 mL) was harvested into a Vacutainer tube with spray-dried clot activator (BD Vacutainer, Franklin Lakes, NJ) for insulin, NEFA, and haptoglobin concentration analysis; a second blood sample (4 mL) was collected into a Vacutainer tube with sodium fluoride and potassium oxalate (BD Vacutainer) for glucose analysis. All blood samples were centrifuged at 1,500 × g at 4°C for 15 min, and serum was decanted and stored at -20°C until further analyses. Eating Eating (concentrate or straw) was defined as when the animal had its head into the feeder and was engaged in chewing. An observation was defined as eating when the bull was eating from the feed bunk with its muzzle in the feed bunk or chewing or swallowing food with its head over the bunk.
Drinking
Drinking was recorded when the animal had its mouth in the water bowl. An observation was recorded as drinking when the bull was with its muzzle in the water bowl or swallowing the water.
Ruminating Ruminating included the regurgitation, mastication, and swallowing of the bolus.
Lying
Lying was recorded as soon as the animal was not standing on its 4 legs, independently of any activity the animal might perform.
Standing
Standing was recorded when the animal was standing on its 4 legs, independently of any activity the animal might perform.
Carcass Quality
On d 217 of the study and onward, animals were randomly selected from each pen and transported to a commercial slaughterhouse (Mercabarna, Barcelona, Spain) by truck. Transport distance was less than 150 km and the waiting time until slaughter was less than 12 h. Animal transport was organized in 3 different loads without mixing animals from different treatments and pens. Before each loading, animal BW was recorded. Animals were stunned using a captive-bolt pistol and dressed according to commercial practices.
Immediately following slaughter, HCW was recorded, and the degree of carcass conformation and fatness were graded according to the (S)EUROP categories (EU Regulation No. 1208/81 and 1026/91) and into EU classification system into 1.2.3.4.5 (EU Regulation No. 1208/81), respectively. The conformation class designated by the letter ''S" (superior) describes carcasses with all profiles extremely convex, and with exceptional mucle development (double-muscled carcass type), whereas the conformation classified as ''E" (excellent) describes carcasses with all profiles convex to super-convex, and with exceptional muscle development, and the conformation classified as ''U" (very good) describes carcasses with profiles on the whole convex, and with very good muscle development. The carcasses classified as "R" (good) present profiles, on the whole, straight and with good muscle development. Carcasses classified as "O" (fair) present profiles straight to concave and with average muscle development, and carcasses classified as "P" (poor) present all profiles concave to very concave with poor muscle development. In addition, the degree of fat cover describes the amount of fat on the outside of the carcass and in the thoracic cavity. The class of fat cover classified as 1 (low) describes none to low fat cover, and the class of fat cover classified as 5 (very high) describes an entire carcass covered with fat and with heavy fat deposits in the thoracic cavity. Dressing percentage was calculated dividing on HCW by BW before slaughter.
Rumen and Liver Macroscopic Evaluation
Rumens were divided into areas according to Lesmeister et al. (2004) to examine the presence of ulcers and presence of clumped papillae (Nocek et al., 1984) . Also, rumens were classified from 1 to 5 depending on the color, being "5" a black colored rumen and "1" a white colored rumen (González et al., 2001) . Liver abscesses were classified according to Brown et al. (1975) .
Chemical Analyses
Feed samples were analyzed for DM (24 h at 103°C), ash (4 h at 550°C), CP by the Kjeldahl method (method 981.10; AOAC, 1995) , NDF according to Van Soest et al. (1991) using sodium sulfite and α-amylase, and ether extract by Soxhlet with a previous acid hydrolysis (method 920.39; AOAC, 1995) .
Rumen VFA concentration was analyzed with a semicapillary column (15 m by 0.53 mm i.d. and 0.5-µm film thickness; TRB-FFAP; Teknokroma, Barcelona, Spain) composed of 100% polyethylene glycol esterified with nitroterephtalic acid, bonded and cross-linked phase, using a CP-3800-GC (Varian, Inc., Walnut Creek, CA).
Plasma glucose concentration was determined following the hexokinase method (Tietz, 1995;  intra-and interassay CV of 0.6 and 3.0%, respectively), and serum insulin concentration was determined using Porcine Insulin RIA (kit PI-12K; Millipore, Billerica, MA) with intra-and interassay CV of 4.8 and 5.8%, respectively. Plasma NEFA concentration was determined by the colorimetric enzymatic test ACS-ACOD-MEHA (acyl-CoA-synthetase/acyl-CoA-oxidase/3-methyl-N-ethyl-N-β-hydroxyethyl-aniline) method (NEFA C; Wako Chemicals, Neuss, Germany; with an intra-and interassay CV of 2.7 and 4.8%, respectively). Haptoglobin was determined by the hemoglobin binding method with the use of a commercial haptoglobin colorimetric assay (Assay Phase Range; Tridelta Development Limited, Maynooth, Ireland); the intraand interassay CV were 4.1 and 11.2%, respectively.
Calculations and Statistical Analyses
The frequency of each social behavior was obtained by summing by day, pen, and scan, and they were transformed into the root of the sum of each activity plus 1 to achieve a normal distribution. The percentage of each general activity was averaged by day, pen, and scan, and it was transformed into natural logarithms to achieve a normal distribution. Serum metabolites and pH data were transformed into natural logarithms to achieve a normal distribution. The means presented in the tables correspond to backtransformed data, and SEM and P-values correspond to the ANOVA analyses of the transformed data.
The occupancy time of concentrate feeder (min) and total waiting time to access to the feeder (min) were calculated as the sum of total time performing these activities per day and pen. The number of bulls eating concentrate and number of visits at concentrate feeder were averaged by pen and day. Number of displacements at the feeder were summed by pen and by hour and divided by total time analyzed to express as frequency of displacements per hour. Feeder occupancy and waiting time data were expressed as the percentage of time devoted to these activities from total daily time of video recording analyzed (12 h). All eating behavior data were corrected by the number of animals within the pen for each filming period.
The pen was considered the experimental unit for all statistical analysis (n = 4), with animals considered sampling units. Hence, a power analysis was conducted to check if 4 replicates per treatment would be sufficient to detect differences in feed consumption. The power analyses was conducted for the primary outcome variable (concentrate consumption) using the SD of this parameter between pens observed in previous studies under same experimental conditions (Devant et al., 2012; Marti et al., 2013) , an α of 0.05, and a power of 0.80. The power analysis indicated at least that 3 replicates (pens) per treatment were necessary to detect expected differences among treatments. An expected 10% in total concentrate consumption difference among treatments was expected; this expectation was based on previous studies data (Devant et al., 2012; Marti et al., 2013) . To the extent that individual measurements on animals were possible, animals were included in the analyses as sampling unit and not as experimental unit (like a repeated measure typically seen with several determinations on the same animal over time). This allowed the use of covariate measurements on the animals (sampling units). So the covariate adjustments were done on the individual animals.
Consumption, performance, and eating and animal behavior data were analyzed using a mixed-effects model with repeated measures (version 9.2; SAS Inst., Inc., Cary, NC). The model included initial full BW as a covariate; treatment, period (14 d for consumption and performance data; 3 times throughout the study for eating behavior data; weekly for first month and 28 d for the remaining of study for animal behavior data), and their interaction as fixed effects; and pen and fattening cycle as random effects. Period was considered a repeated factor, and pen nested within treatment was subjected to 3 variance-covariance structures: compound symmetry, autoregressive order 1, and unstructured. The covariance structure that yielded the smallest Schwarz's Bayesian information criterion was considered the most desirable analysis.
Rumen and serum metabolites were analyzed using mixed-effects ANOVA with repeated measures (version 9.2; SAS Inst., Inc.). The model was the same as the previous one, but sampling time (time of the day when the animal was sampled) was also included as a covariate for pH and VFA data.
Initial full BW, age, final BW, and carcass data were analyzed using a mixed-effects model (version 9.2; SAS Inst., Inc.) including treatment as a fixed effect and pen and fattening cycle as a random effects.
Carcass conformation and fatness, rumen wall macroscopic evaluation and liver lesions data, and animal health records were analyzed with the PROC FREQ of SAS with a χ 2 distribution (version 9.2; SAS Inst., Inc.). Significance was established at P < 0.05, and trends were discussed as P ≤ 0.10.
RESULTS
Animal Health Records
Thirteen animals were removed from the study due to health problems (2 bulls from the CF treatment, 6 bulls from the CFL treatment, and 5 bulls from the SF treatment). During first month after entrance, 2 animals from the CF and CFL treatments died from unknown causes and 2 others from SF group were removed for inability to adapt to the feeding system. In the second month of the study, 1 bull from the CFL treatment died because of bloat. The remaining of animals were sent to the slaughterhouse before the end of study: 3 bulls from the CFL treatment due to weight loss, 4 animals as a result of chronic pneumonia (1 from the CF treatment, 1 from the CFL treatment, and 2 from the SF treatment), and 1 bull from the SF treatment due to chronic lameness. No differences (P > 0.10) among fattening cycles and treatments were found in health problems.
Consumption, Performance, and Carcass Quality
Daily concentrate consumption (6.2 ± 0.17 kg of DM/d) and straw consumption (0.7 ± 0.07 kg of DM/d) were not affected by feeder design (Table 4) . However, cumulative concentrate consumption per animal throughout the study tended (P = 0.09) to be greater in CF (1,322 ± 19.3 kg of DM) than in CFL (1,264 ± 19.3 kg of DM) and SF (1,234 ± 19.3 kg of DM). Also, feeder design did not influence ADG (1.51 ± 0.035 kg/d) and feed efficiency (0.25 ± 0.005 kg/kg). However, CV of concentrate consumption was greater (P < 0.01) in SF bulls (8.7 ± 0.75%) than in CF (7.7 ± 0.75%) and CFL (7.3 ± 0.75%) bulls.
Carcass data are presented in Table 5 . Feeder design did not affect slaughter BW (461 ± 10.3 kg), HCW (247 ± 4.7 kg), dressing percentage (53.6 ± 0.29%), carcass conformation (97.3% classified as "O"), and carcass fatness (65.6% classified as "2").
Animal Behavior
General Activities. During the 2.5-h observation period in the morning, the percentage of animals per pen standing (66.6 ± 0.06%), lying (33.4 ± 0.11%), drinking (1.9 ± 0.05%), and ruminating (11.3 ± 0.06) were not affected by feeder design and the interaction between day and treatment was not significant (Table 6 ). During this observation period in the morning, the percentage of animals eating concentrate tended (P = 0.06) to be less for SF (5.7 ± 0.05%) than for CF and CFL (10.7 ± 0.05%) throughout the study. Exceptionally, for the first 3 d of the study, this interaction was not observed because chute was widened, and more than 1 animal was often recorded at the feeder. Also, in the morning and throughout the study, a greater (P < 0.01) proportion of animals in SF pens were eating straw (12.8 ± 0.05%) compared with animals in CF and CFL pens (10.0 ± 0.05%).
Social Behavior. During the 2.5-h observation period in the morning, behaviors related to nonagonistic interactions are presented in Table 7 . Bulls in SF and CF treatments exhibited more (P < 0.05) oral behavior (7.7 ± 0.12 and 6.9 ± 0.12 times/15 min, respectively) than bulls in the CFL treatment (6.1 ± 0.12 times/15 min). No differences in social behavior were found among treatments (10.4 ± 0.11 times/15 min). The frequency of selfgrooming behavior (18.9 ± 0.08 times/15 min) differed (P < 0.05) among treatments depending on the day of sampling. Regarding agonistic behaviors, no differences in fighting (5.6 ± 0.29 times/15 min) and butting (4.1 ± 0.12 times/15 min) behaviors were found among treatments. However, the incidence of displacements was less (P < 0.01) in SF pens (2.2 ± 0.20 times/15 min) in contrast to collective feeders (4.1 ± 0.20 times/15 min). Chasing and chasing-up behaviors differed among treatments over the study (P < 0.05), but these behaviors were exhibited occasionally and their interpretation is difficult. For sexual interactions, no differences among treatments in flehmen (2.9 ± 0.08 times/15 min) were observed; however, CFL bulls exhibited (P < 0.01) more attempted mounts (7.0 ± 0.27 times/15 min) and tended (P = 0.10) to exhibit more completed mounts (3.4 ± 0.12 times/15 min) than CF bulls (4.7 ± 0.27 and 2.2 ± 0.12 times/15 min, respectively). Moreover, no stereotypies were observed throughout the experiment.
Eating Behavior
There was a statistically significant difference (P < 0.01) among treatments in concentrate disappearance velocity recorded at the feeder (Table 8) . Also, there was an interaction between treatment and period in occupancy time of feeder (P < 0.05), number of bulls at the feeder (P < 0.01), number of visits at the feeder (P = 0.09), displacements at the feeder (P < 0.01), and waiting time to access to the feeder (P < 0.01). Animals fed with SF registered less (P < 0.01) concentrate disappearance velocity (140.4 ± 8.35 g/min) than animals fed with CFL (168.9 ± 8.35 g/min) and CF (197.4 ± 8.35 g/min) throughout the study. In the first filming period (d 12), SF bulls recorded greater (P < 0.05) occupancy time at the feeder (90.6 ± 2.58% of total time analyzed, which was 567 ± 19.95 min) compared with CF and CFL bulls (80.6 ± 2.58% of total time analyzed, which was 521 ± 19.95 min). Also, in second filming period (d 125), the occupancy time at the feeder was greater (P < 0.01) in SF (80.9 ± 2.58% of total time analyzed, which was 528 ± 19.95 min) than CFL and CF (65.6 ± 2.58% of total time analyzed, which was 424 ± 19.95 min). However, in the last filming period (d 206), no differences were observed among treatments (62.6 ± 2.58% of total time analyzed, which was 406 ± 19.95 min). Animals in the SF treatment showed fewer (P < 0.01) visits (23.8 ± 24.27 visits/d) than other treatments (137.3 ± 24.27 visits/d) during the first filming period. In the second period, the SF group exhibited less frequent (P < 0.05) feeder visits (44.8 ± 24.27 visits/d) than CF (128.9 ± 24.27 visits/d), whereas in the third period, no differences among treatments were observed (71.7 ± 24.27 visits/d). Whereas in the SF group always 1 animal was registered at the feeder over the study, the number of bulls for CF and CFL changed throughout the study, being 2 animals per feeder in the first filming period and the remaining of fattening the number of bulls decreased to 1.5 animals per feeder. However, the number of displacements registered in CFL and CF was greater in the first filming period (7.8 ± 0.83 and 4.9 ± 0.82, respectively), whereas for the remaining of fattening, the number of displacements reduced in both treatments (1.4 ± 0.82 for second period and 0.8 ± 0.82 for third period). No displacements at the feeder were recorded in SF throughout the study. Although SF animals spent more waiting time to access the concentrate feeder over the study compared with other treatments, this waiting time progressively declined throughout the filming periods (130.2 ± 11.24, 88.4 ± 11.24, and 32.4 ± 11.24 min for first, second, and third period, respectively, which represented 21.2 ± 2.02 %, 13.6 ± 2.02 %, and 5.1 ± 2.02 % of total time analyzed).
Rumen Liquid Determinations, Macroscopic Rumen Wall Evaluation, and Liver Abscesses
An interaction between treatment and time (P < 0.05) was found in rumen pH and total VFA concentration (Table 9) . At the beginning of the study (d 7), rumen pH of the SF (6.1 ± 0.01) was greater (P < 0.01) than CF and CFL (5.5 ± 0.01), whereas rumen VFA concentration in SF (96.3 ± 15.54 mM) was less (P < 0.01) than those found for CF and CFL (129.8 ± 15.53 mM). In the middle of the study (d 120), no statistical differences in average rumen pH (6.3 ± 0.01) and total VFA concentration (136.3 ± 15.51 mM) were observed among treatments. At the end of study (d 204), CF animals had lower (P < 0.05) rumen pH (5.8 ± 0.01) than CFL and SF (6.1 ± 0.01) animals, and opposite to rumen pH, total VFA concentration was greater (P = 0.10) in CF (138.9 ± 15.54 mM) compared with CFL and SF (113.9 ± 15.54 mM).
Treatment did not affect total rumen VFA concentration and rumen molar proportions of acetate, butyrate, and valerate (Table 9 ). However, for rumen proportion of propionate (P = 0.09), isobutyrate (P < 0.01), and isovalerate (P < 0.05) and acetate to propionate ratio (P = 0.06), the interaction between treatment and time tended to be or was significant. At the beginning of the study (d 7), for SF animals, rumen proportion of propionate tended (P = 0.08) to be less (38.0 ± 1.03%), isobutyrate percentage (0.9 ± 0.12%) was greater (P < 0.01), and isovalerate proportion (1.1 ± 0.13%) tended (P = 0.10) to be greater compared with other treatments (41.9 ± 1.03, 0.5 ± 0.12, and 0.7 ± 0.13%, respectively). Moreover, at the beginning of the study (d 7), acetate to propionate ratio from SF animals (1.5 ± 0.08) was greater (P < 0.05) compared with CFL and CF (1.2 ± 0.08).
No differences among treatments (data not shown) in rumen color (47% classified as "3" and 47% classified as "4"), presence of clumped papillae (21.6% of clumped papillae), or presence of ulcers (0% ulcers) were found. No liver abscesses were detected at slaughterhouse.
Serum Metabolites
A treatment × time interaction was detected (P < 0.05) in serum NEFA and insulin concentrations (Table 10 ). Serum NEFA concentration was greater (P < 0.05) at the beginning of the study (d 7) in SF (0.20 ± 0.021 mmol/L) compared with CFL and CF (0.15 ± 1 Treatments were different concentrate feeder design. CF = a control feeder with 4 feeding spaces; CFL = a feeder with less concentrate capacity; SF = a single-space feeder with lateral protections.
2 Graded according to the European Union classification system into (S)EUROP categories (European Union regulation number 1208/81 and 1026/91). The conformation class designated by the letter "E" (excellent) describes carcasses with all profiles convex to superconvex, and with exceptional muscle development, whereas the conformation classified as "U" (very good) describes carcasses with profiles on the whole convex, and with very good muscle development. The carcasses classified as "R" (good) present profiles on the whole straight and good muscle development. Carcasses classified as "O" (fair) present profiles straight to concave, and with average muscle development, whereas carcasses classified as "P" (poor) present all profiles concave to very concave with poor muscle development. In addition, the degree of fat cover describes the amount of fat on the outside of the carcass and in the thoracic cavity.
3 Graded according to the EU classification system into 1.2.3.4.5 (EU Regulation No. 1208/81).The carcass fat cover that classifies as 1 (low) describes none to low fat cover, the class of fat cover classified as 5 (very high) describes an entire carcass covered with fat and with heavy fat deposits in the thoracic cavity.. 0.021 mmol/L) animals. However, at the middle of the study (d 120), serum NEFA concentration was less (P < 0.01) for SF (0.16 ± 0.021 mmol/L) than CFL and CF (0.19 ± 0.021 mmol/L). However, at the end of the study (d 204) , no differences among treatments in serum NEFA concentration were observed (0.16 ± 0.021 mmol/L). Serum insulin concentration did not differ among treatments at the beginning (d 7) and in the middle of the study (d 120); however, at the end of the study (d 204), serum insulin concentration tended (P = 0.10) to be greater for CF (1.06 ± 0.025 μg/L) compared with CFL and SF (0.82 ± 0.025 and 0.92 ± 0.025 μg/L, respectively). Plasma glucose, insulin to glucose ratio, and serum haptoglobin were not affected by feeder design.
DISCUSSION
A Control Feeder with 4 Feeding Spaces vs. a Feeder with Less Concentrate Capacity
Reducing concentrate capacity due to less feeder depth tended to reduce cumulative concentrate consumption by 58 kg after 214 d, which corresponds to a 4.4% reduction. It could be expected that the reduced concentrate level at the feeder may have limited the 1 Treatments were different concentrate feeder design. CF = a control feeder with 4 feeding spaces; CFL = a feeder with less concentrate capacity; SF = a single-space feeder with lateral protections.
2 The values presented herein correspond to back-transformed means; however, SEM and P-values correspond to the ANOVA analyses using logtransformed data.
3 Fixed effects were treatment (Trt), period (Per), and interaction between treatment and period (Trt × Per). concentrate availability and concentrate consumption and, in consequence, may have reduced animal growth. However, in the present study, no differences in G:F and ADG among treatments were observed. Furthermore, in the present study, no differences among CF and CFL in serum glucose and NEFA concentration were observed; only at the end of the study serum was insulin concentration less for CFL compared with CF. This decrease in serum insulin concentration could indicate that CFL bulls could be limited at the end of the study. Murphy et al. (1994) did not observe differences in serum glucose and insulin concentration when comparing steers fed high-concentrate diets ad libitum with steers submitted to an intake restriction of 30% during 14 d. However, Schoonmaker et al. (2003) reported a decrease in serum glucose and insulin concentration when steers were restricted to a 30% of total intake during 100 d. Moreover, at the end of our study, average daily concentrate DM consumption during this period was similar for both treatments (8.0 ± 0.24 kg/d). This concentrate consumption data, in addition to the serum NEFA concentration and ADG data, would refute the hypothesis that the reduction of the concentrate level restricted concentrate consumption. Therefore, the reduction in concentrate consumption for CFL compared with CF animals may be explained by greater concentrate wastage of the CF animals due to feeder design (Myers et al., 2012) . It could be expected that by decreasing the level of concentrate in the feeder, animal competition for eating could increase; in the present study, 2 indicators of the competition at the feeder were measured, concentrate disappearance velocity and displacements at the feeder. The concentrate disappearance velocity, as an indicator of eating rate, is often considered an indirect indicator of competition in the feeder (González et al., 2008) . In the present study, in contrast to ex- a-c Means within a row with different superscripts are differ (P < 0.05).
1 Treatments were different concentrate feeder design. CF = a control feeder with 4 feeding spaces; CFL = a feeder with less concentrate capacity; SF = a single-space feeder with lateral protections.
2 Fixed effects were treatment (Trt), period (Per), and interaction between treatment and period (Trt × Per). 2 pH data here in presented correspond to back-transformed means; however, SEM and P-values correspond to the ANOVA analyses using log-transformed data.
pectations, eating rate was decreased by 14.4% when concentrate level was reduced at the feeder. One explanation could be that eating rate or velocity of concentrate disappearance at the feeder in the present study was more related to feed spillage than to "real" eating rate; however, as no direct measurement of feed wastage was recorded, this hypothesis cannot be confirmed. Another indication that the disappearance velocity (or eating rate) of CF could be overestimated would be that mean eating rate of CF was around 200 g/min and with this eating rate animals should suffer subclinical acidosis (Sauvant et al., 1999) . Sauvant et al. (1999) summarized different studies and observed that when the eating rate was above 200 g/min, rumen pH was below 5.6, the threshold pH value for rumen subclinical acidosis (Britton and Stock, 1989; Owens et al., 1998; DeVries et al., 2007) and, in consequence, animal growth could be impaired (SchwartzkopfGenswein et al., 2003) . However, no differences in ADG and rumen pH among CF and CFL animals were observed; therefore, the present study results do not support this argument. It is important to consider the rumen pH data of the present study with caution because rumen samples were collected at different times. However, other rumen acidosis indicators such as laminitis, bloat, erratic concentrate consumption, rumen wall lesions, liver abscesses, and ruminating data do not support that CF suffered more rumen acidosis than CFL animals. In summary, eating rate data of CF animals seem to be overestimated, probably because of feed wastage, explaining why it is not a good indicator of the competition at the feeder and why it was not related with rumen pH data. As mentioned before, it was expected that by decreasing the level of concentrate in the feeder, animal competition for eating would increase; in contrast to eating rate data, the increase in number of displacements at the feeder when comparing CF with CFL could support this hypothesis. Also, CFL animals exhibited more sexual activity than CF. These behaviors, displacements and sexual activity, increased when the depth of feeder was decreased, which would, in theory, induce stress and impair growth. The increase of frequency in sexual behavior that was recorded by CFL bulls could lead to increased energy requirements impairing growth and G:F; but no differences in ADG were observed and the frequency of these behaviors was low. Therefore, in the present study, the impact of sexual behaviors on energy requirements was probably insignificant. Moreover, serum haptoglobin concentration did not differ between CF and CFL animals. Haptoglobin is an acute phase protein that increases in blood as a consequence of inflammation, tissue damage or injury, infection, and stress, so haptoglobin has been proposed to be a possible marker of stress in cattle (Alsemgeest et al., 1995; Arthington et al., 2003; Hickey et al., 2003) . Hence, according to most of the stress indicators measured in the present study (haptoglobin, concentrate consumption, grow, etc.), the reduction of feed level at the feeder was not stressful to the animals in spite of the increase of competition at the feeder or greater sexual activity recorded. Moreover, greater frequency of oral behavior was recorded in the CF group than the CFL group. The reasons for these behavior differences among treatments are unknown, and it is difficult to find explanations related to feeder design.
In summary, behavior as well as rumen and serum metabolite data may indicate that when the feed level at the feeder was decreased, total feed consumption was reduced by 4%, probably because of the reduction in feed spillage. This reduction of the feed level at the feeder had no negative impact on performance, rumen health, or stress despite the increase of displacements at the feeder and sexual activity. Therefore, reducing concentrate level at the feeder could be a good strategy to reduce concentrate consumption and associated feed costs without negative effects on performance, stress, and rumen health. 
A Control Feeder with 4 Feeding Spaces vs. a Single-Space Feeder with Lateral Protections
A reduction in accumulative concentrate consumption (6.7%) was achieved when animals were in SF compared with CF without impairing ADG. Andersen et al. (1997) reported that the reduction of eating space did not affect ADG and G:F, whereas other reports (Keys et al., 1978) observe a negative effect of this concentrate consumption reduction in growth rate and feed efficiency. It could be expected that reducing the feeder space to a single feeder with lateral barriers compared with a multiple-space feeder could limit the animal access to the feeder and/or the concentrate consumption impairing animal growth. The greater serum NEFA concentration in SF during the first 2 wk of the study compared with CF may indicate that animals had adaptation problems and consumption was limited. In addition, waiting time at the feeder in the first period was greater compared to the CF indicate that animals had adaptation problems to SF. Moreover, 2 animals were removed due to inability to adapt to the SF design, as they were not able to go into chute. In addition, in spite of there not being statistically significant differences between treatments in proportion of standing animals, for the first 2 wk there were numerical differences among treatments: the SF pen had greater (64.8 ± 0.05%) percentage than the CF and CFL pens (53.6 ± 0.05%). The greater proportion of standing animals during the adaptation period to single feeder design might suggest that animals need time to establish their hierarchy or internal order to feeder attendance, because after the adaptation period, these differences among treatments disappeared. This behavioral change has been also reported by other authors in similar circumstances as a waiting time for less competition at the feeder (Gonyou and Stricklin, 1981; Olofsson, 1999; Huzzey et al., 2006; González et al., 2008) . Perhaps, in the present study, the strategy used to adapt animals (widen the chute for 4 first days) should be improved; a possible adaptation strategy could be to use a supplementary feeder or having more days the chute elevated to achieve easier and better adaptation. Despite serum NEFA concentrations and some behavior traits indicating that animals did not adapt well to the SF, overall performance was not impaired.
The greater CV in concentrate consumption exhibited for SF may indicate that animals may have suffered rumen acidosis, and this could affect negatively ADG (Galyean et al., 1992) . One possible explanation of these great fluctuations in day-to-day concentrate consumption may be that rumen acidosis can lead a reduction of feed consumption (Britton and Stock, 1987) and, thereby, can cause erratic consumption patterns . In feedlot cattle, Brown et al. (2000) observed a high correlation coefficient (r = 0.84) between the lowest daily ruminal pH and feed intake on the subsequent day. When ruminal pH is low, the animal's feed intake drops; this limits further production of fermentation acids and restores pH to more optimum conditions. Once the pH is restored, then the animal consumes feed and again this may lead to excessive production of acids and this cycle can be repeated. However, in the present study, rumen pH of SF animals was above 6.0. Also, records related with ruminal acidosis such as rumen wall lesions and/or liver abscesses support the hypothesis that these animals fed with the SF did not suffer rumen acidosis. In addition, as discussed previously, the eating rate average observed in SF animals (140.4 g/min) is within the range of eating rates values that would not be related with rumen acidosis (Sauvant et al., 1999; González et al., 2008) . Moreover, previous research has yielded contradictory results in regards to the effects that the CV concentrate daily consumption have on performance and efficiency. Several studies have concluded that large variation in feed intake by cattle fed high-concentrate diets may cause digestive disturbances (Fulton et al., 1979; Britton and Stock, 1987) and decrease growth performance in feedlot cattle (Galyean et al., 1992; Stock et al., 1995; Devant et al., 2010) with this effect being greatest early in the feeding period (Krehbiel et al., 1995; Soto-Navarro et al., 2000) . Golden et al. (2008) also reported a greater within-day variation in intake of inefficient steers than efficient steers regardless of the amount of roughage in the diet. In contrast, Cooper et al. (1999) reported that variation in intake did not increase acidosis or decrease performance in finishing steers fed ad libitum. Schwartzkopf-Genswein et al. (2004) also reported similar findings when they observed that ADG and G:F were not different between steers fed either a constant or a fluctuating amount of feed, and they concluded that daily intake fluctuations of 10% DMI or less do not alter overall intake by feedlot cattle and are unlikely to have any negative consequences on growth performance. Additionally, a study with steers fed barley-based diets indicated that the steers classified as having a high ADG and G:F showed the greatest CV of DMI (SchwartzkopfGenswein et al., 2011) . Therefore, even though concentrate CV was greater in SF animals than CF animals, it was not related to rumen acidosis and had no negative impact on performance.
In addition, it could be expected that when the animals were fed in a single feeder with lateral barriers, competition at the feeder would be greater compared with a CF, causing stress and impairing growth. González et al. (2008) reported that by increasing the animal to feeding spaces ratio, the number of displacements increased, leading to a potential increase in stress and risk to suffer rumen acidosis. In the present study, no displacements at the feeder and fewer agonistic interactions were recorded in the SF compared with the collective feeders, mainly due to lateral barriers of feeder design, which reduce significantly the aggressions and displacements at the feeder (Bouissou, 1970; Grant and Albright, 1995) . Although some animal behaviors were affected by feeder design, such as number of animals eating straw or frequency of oral behaviors, no evidence of an associated negative effect were found on performance, welfare, or health. Moreover, SF had a greater proportion of animals eating straw compared with collective feeders throughout the study. The sustained hypothesis could be that SF bulls attended the straw feeder more often because the concentrate feeder was occupied and that animals redirected their concentrate appetite to spend more time at straw feeder (227.9 ± 7.00 min for SF vs. 185.9 ± 7.00 min for CF) while they waited to access the concentrate feeder (data not shown). However, this greater proportion of animals eating straw did not translate to an increase of straw consumption.
In addition, the single feeder design did not compromise natural cattle behavior such as feeding, resting, or rumination patterns (Friend, 1991) . In the present study, resting and rumination behaviors were not affected by the feeder design. Furthermore, SF animals did not exhibit more oral behavior than CF animals. Although some authors associate oral behaviors with stereotypies (Redbo and Nordblad, 1997) , others regard that is an intrinsic behavior of intensive production systems (Ishiwata et al., 2008) related with the lack of occurrence of feeding behavior. Moreover, no stereotypies were detected over the experiment. Some authors associated stereotypies as indicators of poor welfare related to restriction of movements (Redbo, 1992) and low roughage intake (Redbo and Nordblad, 1997) such as it was reported by Rotger et al. (2006) . No differences in social behavior were found among treatments. Val-Laillet et al. (2009) reported that increasing competition does not disrupt the social behavior known as allogrooming behavior. The frequency of self-grooming behavior expressed was different depending on the period of fattening and treatment but without any clear pattern. Ishiwata et al. (2008) suggest that selfgrooming is another behavior to spend the spare time, instead of engaging in walking; however, other authors (Phillips, 2004 ) associate self-grooming as a well-being or satisfaction behavior. Related to agonistic interactions, behaviors associated with hierarchy establishment (Mounier et al., 2005) , no differences were found among treatments. Most behavioral data (ruminating, resting, displacements, etc.) studied did not indicate that SF provoked welfare problems; however, the interpretation of other behaviors (oral behavior and time devoted to eat straw) could be ambiguous. As other welfare indicators such as performance, serum haptoglobin, and health did not differ among treatments, it can be concluded that SF did not seem to impair animal welfare.
In summary, both alternatives of feeder design, reduction of concentrate level at the feeder and a singlespace feeder with lateral barriers, are good strategies to reduce total concentrate consumption without impairing performance, rumen health, and animal welfare in Holstein bulls fed high-concentrate diets and therefore may effectively contribute to the reduction of nutrition costs associated with beef production. However, at the beginning, there are evidences (NEFA and some behavior traits) that animals fed SF have adaptation problems without impairing overall performance, so further research focus on adaptation strategies is necessary.
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